The nucleotide variation of a noncoding region between the atpB and rbcL genes of the chloroplast genome was used to estimate the phylogeny of 11 species of true mosses (subclass Bryidae). The A+T rich (82.6%) spacer sequence is conserved with 48% of bases showing no variation between the ingroup and outgroup. Rooted at liverworts, Marchantia and Bazzania, the monophyly of true mosses was supported cladistically and statistically. A nonparametric Wilcoxon Signed-Ranks test Ts statistic for testing the taxonomic congruence showed no significant differences between gene trees and organism trees as well as between parsimony trees and neighbor-joining trees. The reconstructed phylogeny based on the atpB-rbcL spacer sequences indicated the validity of the division of acrocarpous and pleurocarpous mosses. The size of the chloroplast spacer in mosses fits into an evolutionary trend of increasing spacer length from liverworts through ferns to seed plants. According to the relative rate tests, the hypothesis of a molecular clock was supported in all species except for Thuidium, which evolved relatively fast. The evolutionary rate of the chloroplast DNA spacer in mosses was estimated to be (1.12 ± 0.019) × 10 -10 nucleotides per site per year, which is close to the nonsynonymous substitution rates of the rbcL gene in the vascular plants. The constrained molecular evolution (total nucleotide substitutions, K ≈ 0.0248) of the chloroplast DNA spacer is consistent with the slow evolution in morphological traits of mosses. Based on the calibrated evolutionary rate, the time of the divergence of true mosses was estimated to have been as early as 220 million years ago.
Introduction
The chloroplast genome has been extensively used for evolutionary and systematic studies (Palmer 1987; Avise 1994) . Compared to the nuclear DNA and animal mitochondrial DNA, chloroplast genes evolve relatively slowly (Clegg et al. 1991; Li 1997) . Among molecular markers, the rbcL gene has been widely used for systematics at higher levels (e.g. Olmstead et al. 1992; Chase et al. 1993; Qiu et al. 1993; Hasebe et al. 1994; Nickrent and Soltis 1995) . High levels of homoplasy in cpDNA sequence have been found in some groups (Kim et al. 1992 ) making the sequence somewhat less reliable in phylogenetic reconstruction than is usually assumed. Moreover, since the chloroplast genome is uniparentally inherited (Sears 1980) , the phylogeny inferred from cpDNA sequences may represent a gene tree rather than an organism tree (Pamilo and Nei 1988; Zurawski and Clegg 1987) .
The noncoding region between rbcL and atpB genes has been used in phylogenetic studies (e.g., Savolainen et al. 1994; Ehrendorfer et al. 1994; Natali et al. 1995) and the function (such as promoters for rbcL) of this spacer in vascular plants has been well documented (Orozco et al. 1990; Manen et al. 1994; Mullet et al. 1985; Gruissem and Zurawski 1985) . The spacer region is variable in size, with differences among major groups of plants (Yoshinaga et al. 1992; Chiang et al. 1998) . In spite of length differences, the evolution of the atpB-rbcL spacer sequence is constrained relative to the rbcL gene in angiosperms (Zurawski et al. 1984) . Until now no work has compared the spacer sequence evolution between mosses and other major groups.
In this study, we investigate the tempo and mode of evolution of the atpB-rbcL chloroplast spacer in mosses. Mosses have been described as "primitive" terrestrial plants (Lemoigne 1970) . Based on the fossil evidence, the pace of evolution in mosses is thought to be slower than in angiosperms (Delcourt and Delcourt 1991) . However, no evidence from molecular perspectives has been considered. This study had four goals: (1) to reconstruct the gene tree of atpB-rbcL spacer; (2) to investigate the evolutionary mode of this spacer; (3) to test the hypothesis of a molecular clock; and (4) to estimate the time of divergence from a common ancestor of the true mosses.
Materials and methods

Plant materials
Eleven species representing 11 families of both acrocarpous and pleurocarpous mosses (subclass Bryidae) were sampled (Table 1) . Most of the plants, except for Rhytidium, Leskea, and Thuidium, were collected from the field in the United States and were airdried without any special field treatment. Voucher specimens are deposited in the herbaria of Missouri Botanical Garden (Mo.) and Academia Sinica, Taipei (HAST).
DNA extraction and sequencing
Leaf tissue from single individuals was frozen in liquid nitrogen and ground in Eppendorf tubes with a metal dounce. Genomic DNA was extracted from the powdered tissue in 600 µL 2× CTAB (cetyltrimethylammonium bromide) buffer (Doyle and Doyle 1987) with 0.4% (v/v) β-mercaptoethanol and incubated for 1 h at 65°C. After adding equal volume of 24:1 chloroform : isoamyl alcohol, the tissue mixture was centrifuged at 14 000 rpm for 15 min at room temperature. The supernatant was transferred to an Eppendorf tube followed by addition of 1.2 mL of absolute ethanol. After overnight incubation at 4°C, DNA was recovered by centrifuging the mixture at 14 000 rpm for 15 min at 4°C. The brown to black DNA pellet was rinsed in 70% ethanol and centrifuged for 5 min at 10 000 rpm. The DNA pellet was resuspended in 20 µL TE.
The extracted genomic DNA was purified on a low-meltingpoint agarose gel to remove secondary compounds and RNA. The band on the gel containing the DNA of the correct size was cut and transferred into an Eppendorf tube. Equal weights of distilled water were added to the gel block containing the purified DNA. Prior to use of the DNA for polymerase chain reaction (PCR), the gel was heated in a 65°C water bath for 3 min.
Two universal primers, rbcL-1 (5′-AACACCAGCTTTRAATC-CAA-3′) and atpB-1 (5′-ACATCKARTACKGGACCAATAA-3′), were developed for amplifying and sequencing the rbcL-atpB spacers ) from the sequences of Marchantia (Umesono et al. 1988) , tobacco (Shinozaki et al. 1986) , and rice (Nishizawa and Hirai 1987) . The PCR amplification protocol utilized two units of Taq polymerase (New England BioLab), the Taq buffer (500 mM KCl, 100 mM Tris-HCl, pH 9.0, and 1.0% Triton X-100), 2.5 mM MgCl 2 , 10 pmol of each primer, and 8 mM dNTP in 100 µL reaction. PCR amplification was carried out in 30 cycles of 94°C denaturing for 45 s, 57°C annealing for 1 min 15 s, and 72°C extension for 1 min 15 s, followed by 72°C extension for 10 min and 4°C for storing. PCR products were polyacrylamidegel-purified and sequenced by the dideoxy-mediated chaintermination method (Sanger et al. 1977) . The fmol™ DNA Sequencing System (Promega), which uses Taq polymerase, was used for sequencing. The detergent NP-40 (10%) was added to assist sequencing through G+C rich regions and secondary structure (Wang et al. 1992) . Both strands of DNA were sequenced with about 50-base overlap.
Data analysis
Sequence alignment
Sequences were aligned by multiple alignments without weighting transversions or transitions using the CLUSTAL V Program (Higgins et al. 1992) . The fixed gap penalty was 35 and the floating penalty was 4. The sequences of Marchantia polymorpha (Umesono et al. 1988) and Bazzania fauriana were used as outgroups.
Phylogenetic analyses
The cladistic analyses of sequencing data were performed by the maximum parsimony using Phylogenetic Analysis Using Parsimony Program (PAUP v. 3.1.1., Swofford 1993 ) and the neighborjoining (NJ) method using Molecular Evolutionary Genetics Analysis Program (MEGA v. 1.01, Kumar et al. 1993) . Parsimony analyses were conducted using heuristic searches with TBR branch swapping, accelerated transformation (ACCTRAN), an unconstrained number of maximum trees, and retention of multiple most parsimonious trees (MULPARS). Neighbor-joining analyses were conducted by calculating Kimura's (1980) 2-parameter distance. Both strict and 50% majority-rule (Margush and McMorris 1981) consensus trees were computed rooted at both Marchantia and Bazzania.
A g 1 test (Huelsenbeck 1991) of skewed tree-length distributions was calculated from 10 000 random trees generated by PAUP in order to measure the information content of the data. Critical values of the g 1 test were obtained from Hillis and Huelsenbeck (1992) . The fit of character data on phylogenetic hypotheses (Swofford 1991 ) was evaluated and calculated by the consistency index, CI (Kluge and Farris 1969 ) and the retention index, RI (Archie 1989; Farris 1989 ). The statistical significance of CI was determined according to Klassen et al. (1991) . The confidence of the clades was tested by bootstrapping (Efron 1982; Felsenstein 1985) with 400 replicates (Hedges 1992) of heuristic searches on the 50% majority rule trees. The nodes with bootstrap values greater than 0.70 are significantly supported with ≥95% probability (Hillis and Bull 1993) .
Tests of taxonomic congruence and alternative trees
Different analytic methods (in this case, PAUP and MEGA) may result in different topologies. Moreover, the phylogeny inferred from the chloroplast spacer sequence represents a gene phylogeny and may conflict with the organism tree. To test the taxonomic congruence between topologies as well as gene trees versus organism trees, a nonparametric Wilcoxon Signed-Ranks Test was employed (Templeton 1983; Larson 1994) . Two-tailed probabilities were used to examine the significance levels (Felsenstein 1985 ; statistical tables see Rohlf and Sokal 1981) . The information on characters favoring each tree with signs of different steps according to the assumption of parsimony was obtained from the computer program MACCLADE (Maddison and Maddison 1992) .
Relative rate tests
The hypothesis of a molecular clock (Zuckerkandl and Pauling 1965) was tested by relative rate tests (Sarich and Wilson 1973; Wu and Li 1985) . The total number of nucleotide substitutions (K), which is the number of transitional and transversional substitutions per site, was calculated from each lineage using Marchantia as the reference species. The data on number and ratio of transversion versus transition between taxa was obtained from the MEGA program. The null hypothesis of a molecular clock suggests that the number of nucleotide substitutions between two lineages would be the same. Based on the assumption of a normal distribution of nucleotide substitutions (Wu and Li 1985) , the hypothesis of a molecular clock will be rejected with 95% significance, when the difference of substitution rates between two lineages is greater than 1.96 times the standard error (s x ).
Results and discussion
DNA sequences and the mode of evolution
The size of the atpB-rbcL spacer is variable among moss families from 519 to 557 base pairs (average = 549 bp, Table 1 ). An evolutionary trend of increasing size of the chloroplast spacer from liverworts (470, Bazzania; 507, Marchantia), through mosses (549), ferns (ca. 600, Angiopteris, Yoshinaga et al. 1992) , angiosperms (899, grasses, Golenberg et al. 1993; 841, Begonia, Liu et al. 1998; and 900, Quercus, Hong et al. 1999) , and to gymnosperms (1000, Cunninghamia, Chiang et al. 1998 ), appears to be emerging. Insertions and (or) deletions (indels) are a common phenomenon in mosses as well as in grasses (Golenberg et al. 1993) . In 357 indel events, 289 (73.5%) are single-base indels, 37 (14.4%) are two-base indels, 23 (8.9%) are three-to seven-base indels. Eight (3%) large indels with more than 10 bases were observed, respectively, in the Marchantia Nucleotides A and T are rich in the chloroplast spacer, which is consistent with the nucleotide composition of most noncoding spacers and pseudogenes due to low functional constraints (cf. Li 1997) . The average A+T content is 82.6%. Among the taxa, Campylopus has the highest level of A (40.7%), and Rhytidium, Hedwigia, and Thuidium have the highest levels of T (44.5%).
The ratios between transitions and transversions obtained from MEGA ranged from 0.630 (between Campylopus and Antitrichia) to 1.40 (between Thuidium and Antitrichia) in mosses. In total, 1161 transitions and 1132 transversions were observed (with a ratio of transitions/transversions of 1.03). Biased substitution patterns toward transitions, with deviation from random mutation (with an expected transitions/transversions ratio of 0.5), have been found in several fast-evolving genes, such as primate mtDNA control region (ratio ≈15.0-15.7, Kocher and Wilson 1991; Vigilant et al. 1991; Tamura and Nei 1993) and nuclear satellite DNA (Wu et al. 1999) , both of which are generally subject to very weak selective constraints (cf. Li 1997). However, more like the coding sequences of mtDNA (Brown et al. 1982) , the atpB-rbcL noncoding spacer of the chloroplast DNA has a much lower ratio between transitions and transversions both in angiosperms (e.g., 1.5 between barley and maize, Zurawski et al. 1984) and mosses (1.03). A lower transition/transversion ratio indicates a conserved nature of this chloroplast spacer and low evolutionary rates in the plants (discussed below). But, unlike the strong functional and selective constraints in the mtDNA coding region, the mechanisms causing the low variation in this noncoding spacer have remained unknown. In contrast to the bias toward transitions in true mosses, the transition/transversion ratios between Marchantia and the mosses were much closer to random mutation with a range 0.409-0.571. The absence of the biased trend may be closely correlated with the long evolutionary history between mosses and liverworts, which allowed the evolutionary changes in the chloroplast spacer between the two lineages reached saturation. 
Phylogenetic reconstruction
Cladistic analyses were conducted on the aligned sequences of 584 bases (Fig. 1) . Aligned sequence is available upon request from the authors. The sequences are conserved, with 284 bases (48%) having no variation among moss taxa and liverworts. Nevertheless, the level of synapomorphy, 233 bases out of a total of 584 (39.9%), is high. Within the variable bases, 77% (233 of 300) were synapomorphies.
A single most parsimonious tree with 394 steps, a CI of 0.871 (P ≤ 0.01), and an RI of 0.571, was recovered by PAUP (Fig. 2) . A g 1 statistic of -1.275 indicates significant signal (P ≤ 0.01) of the data matrix on the phylogenetic hypothesis. The monophyly of the true mosses was significantly supported with a bootstrap value of 0.90 (P ≥ 95%). Within true Genome Vol. 43, 2000 mosses, two monophyletic groups, i.e., the acrocarpous mosses (bootstrap value = 87%) and the pleurocarpous mosses (bootstrap value = 77%), were recognized and well supported statistically. The close relationship between Hedwigia and Mnium was revealed by the cladistic analysis with a bootstrap value of 74%. Two nodes had bootstrap values greater than 50% (but less than 70%): the clade of Hylocomium and Pleurozium (56%), and the clade of Leskea and Ptilium (63%).
Neighbor-joining analysis was conducted based on the distance matrix. A K2P tree (Fig. 3) was obtained with complete resolution, but the topology is not fully congruent with the tree identified by PAUP. On the neighbor-joining tree, Hylocomium was closely related to Eurhynchium and Antitrichia instead of Pleurozium. Rhytidium and Thuidium were the basal taxa of the pleurocarpous mosses instead of clustering together.
Interestingly, both analytic methods supported the taxonomic position of Hedwigia being more closely related to the acrocarpous mosses instead of the pleurocarpous mosses. Recent classifications, such as Buck and Vitt (1986) , have placed the Hedwigiaceae close to the family Leucodontaceae, another member of the pleurocarpous mosses, based on immersed capsules, autoicous plants, and papillose leaf-cells.
Apparently, this close relationship between families was not supported by the atpB-rbcL spacer sequence analysis. In contrast, a more traditional classification, which places the Hedwigiaceae in the acrocarpous mosses and closely related to the Grimmiaceae (Hedwig 1801), was supported by the molecular data. Nonetheless, the systematic position of the Hedwigiaceae remains problematic (cf. Mishler and de Luna 1991) . The phylogeny inferred from the chloroplast DNA sequences may merely represent gene trees instead of the organism trees. To achieve better understanding of the phylogeny of the Hedwigiaceae, more molecular data as well as ontogenetic data are required.
Tests of alternative trees
The most parsimonious tree identified by PAUP is not completely consistent with the organism trees inferred from both morphological data (Rohrer 1985) and the combined data of ITS (internal transcribed spacer) of nrDNA and atpB-rbcL spacers (Chiang 1994) , which suggests that Hylocomium is related to Rhytidium and that Pleurozium and Antitrichia are closely related. Templeton's test was used to determine the character fit to the topology of the chloroplast tree and the organism trees. Eleven characters favored the chloroplast tree and three characters favored the organism trees. A Tsstatistic of 22.5 obtained from the Wilcoxon Signed-Ranks tests therefore suggested a non-significant difference between the gene tree and organism trees (P ≤ 0.0688). That is, the organism trees are suboptimal to the trees inferred from the chloroplast spacer.
Likewise, a significant difference between K2P tree and parsimony tree is not supported by Templeton's test. Ten characters, of which two have sign of +2 (two steps shorter than in the alternative tree) and eight have sign of +1, favored the parsimony tree and six characters, with sign of -1, favored the K2P trees. The Ts statistic is equal to 45.0 (P < 0.10, non-significant).
The taxonomic hypothesis of the Hedwigiaceae belonging to the pleurocarpous mosses was also tested. The Wilcoxon Signed-Ranks test showed that 27 characters, with a sign of +1, favored the chloroplast tree, in which the Hedwigiaceae is related to acrocarpous mosses, and five characters, with sign of -1, favored the alternative tree. The Ts statistic of 82.5 suggested a significant difference (P < 0.01). That is, the hypothesis of the Hedwigiaceae in the pleurocarpous mosses was rejected by the atpB-rbcL spacer sequence analysis.
Relative rate tests
The differences in nucleotide substitutions per site between mosses and Marchantia varied from 0.096 to 0.104 with an average of 0.0985 ± 0.0017 (s x ). In contrast, differences in nucleotide substitutions within mosses were highly variable from 0.008 to 0.050 (average = 0.0248). Obviously, the nucleotide substitutions obtained within mosses are less than those between mosses and Marchantia due to the long time of divergence between mosses and liverworts from their common ancestor.
It is noteworthy that the evolutionary rate of the atpBrbcL noncoding spacer in mosses is much slower than in vascular plants. For example, the difference in nucleotide substitution between maize and barley is 0.0691 (Zurawski et al. 1984) , which apparently have much shorter coalescence time than do mosses. Furthermore, as a noncoding region, the atpB-rbcL spacer should have evolved faster than the rbcL gene due to the lower functional constraints. However, compared to the third position substitution rate of 0.190 for the rbcL gene between barley and maize (Bousquet et al. 1992) , the number of substitutions per site of the noncoding spacer in mosses is even slower (average = 0.02). Accordingly, the evolutionary rate of atpB-rbcL spacers found here is close to the nonsynonymous rates of the rbcL gene in gymnosperms and ferns (Savard et al. 1994) .
Among the taxa analyzed, the chloroplast spacer of Thuidium evolved relatively rapidly. When pairwise comparisons of relative rate tests were made using Marchantia as a reference species, most lineages are congruent with the hypothesis of a molecular clock, except for the pairs of Thuidium and Leskea, and Thuidium and Pleurozium (Table 2) .
The time between the common ancestor of true mosses and other groups was estimated from the molecular clock constructed from the noncoding atpB-rbcL spacer. Savard et al. (1994) suggested that liverworts and seed plants diverged 440 million years ago. According to a cladistic study of the phylogeny of bryophytes and related major groups (Mishler and Churchill 1984) , bryophytes appear to be a paraphyletic group, within which mosses were more related to vascular plants than to liverworts or hornworts. Therefore, 440 million years can be used as the reference for the branching of mosses from a common ancestor. The rate of evolution for the chloroplast spacer was estimated to be (1.12 ± 0.019) × 10 -10 substitutions per site per year. The evolution of the true mosses, excluding Thuidium, can thus be traced back to 220 million years ago.
Conclusions
In this study, we investigated the molecular evolution of atpB-rbcL spacer of the chloroplast genome in the true mosses. Not only the morphological traits, but also the molecular evolution of the cpDNA spacer in mosses was constrained. The sequences of the noncoding region are highly conserved both within mosses and between mosses and liv- 
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Note: 1, Hedwigia; 2, Mnium; 3, Campylopus; 4, Leskea; 5, Ptilium; 6, Rhytidium; 7, Hylocomium; 8, Pleurozium; 9, Antitrichia; 10, Eurhynchium; 11, Thuidium.
*P Յ 0.05 (significance level). Table 2 . Differences (×100) in number of nucleotide substitutions per site K (=Kl3 -K23) for chloroplast DNA spacers using Marchantia as the reference species; where K13 (K23) is the difference of substitutions between species 1 (2) and species 3 (reference taxon) (above diagonal) -absolute value of K/s
x (s x = standard error) (below diagonal).
erworts. The conserved nature of these sequences suggests that this spacer may not be an appropriate marker for phylogeny at lower levels. Based on the relative rate tests, the molecular clock ticked at nearly a regular rate, which was estimated to be (1.12 ± 0.019) × 10 -10 substitutions per site per year in this noncoding region of true mosses. Nevertheless, since the relative rate test only considers the numbers of nucleotide substitutions and not the numbers of indels, these tests may be biased when applied to genes with high numbers of indels.
